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THE ENDOPLASMIC RETICULUM (ER) AND ER STRESS
The endoplasmic reticulum is the powerhouse of protein synthesis within the cell and is responsible for modification and trafficking of many membranes and secreted proteins. The ER also has the ability to synthesise lipids and some carbohydrates. As a network of interconnected internal membranes, the ER is made up of the rough endoplasmic reticulum (RER) and the smooth endoplasmic reticulum (SER). Studded with ribosomes giving a rough physical appearance, the RER is a site of protein synthesis within eukaryotic cells. Lacking ribosomes, hence giving a smooth appearance, the SER is responsible for lipid and carbohydrate synthesis. While the ER is important in all eukaryotic cells, there is a particularly high level of dependence upon the ER in secretory cells such as plasma B cells, Paneth cells and pancreatic acinar cells. ER homoeostasis is essential for the correct functioning of these cells. ER stress occurs when there is an accumulation of unfolded and/or misfolded protein which exceeds the rate of protein refolding or degradation. 1 Increased levels of unfolded and/or misfolded proteins are the result of a variety of contributing factors, such as unregulated gene transcription, expression of truncated/altered proteins encoded by mutated genes and the presence of damaged proteins caused by oxidative stress, chemotherapy and radiation. To cope with ER stress cells activate compensatory mechanisms, such as the unfolded protein response (UPR). 2 In yeast models, the ER can expand in volume by up to fivefold in response to UPR-inducing stimuli in an attempt to increase protein folding, 3 and similar increases in ER size are seen in mammalian cells. The purpose of the UPR is to resolve the stress and restore ER homoeostasis. However, in instances where ER stress cannot be resolved, cells will normally succumb to apoptosis.
REGULATION OF THE UPR
The mammalian UPR consists of signalling pathways that are regulated by three ER transmembrane proteins: IRE-1 (inositol-requiring enzyme-1), PERK (double-stranded RNA-activated protein kinase [PKR]-like ER kinase) and ATF6 (activating transcription factor 6) ( Figure 1 ). In the absence of unfolded proteins, BiP, one of the 70 kDa heat-shock proteins (HSP70s), is bound to these three ER membrane enzymes and keeps them in an inactive state. Exposed hydrophobic moieties on unfolded proteins bind preferentially to BiP, leading to the dissociation of BiP from the three ER proteins resulting in their activation.
In the absence of BiP, dimeric IRE-1 (IRE-1a and b) auto-transphosphorylates and its endoribonuclease activity is induced. In an extranuclear splicing reaction, IRE-1 cleaves a 26 base intron from XBP1 (X-box Binding Protein) mRNA, producing an open reading frame shift that yields a longer polypeptide. 4 The spliced XBP1 protein is a 54 kDa basic leucine zipper transcription factor, which consists of a DNA-binding domain in the N-terminus and a transactivation domain in the C-terminus. Spliced XBP1 binds to promoter elements of multiple stress response genes inducing their expression. These genes include, DnaJ/Hsp40-like genes, p58IPK, ERDj4, HEDJ, EDEM, protein disulphide isomerase-P5, ribosome-associated membrane protein 4 (RAMP4), ERDJ3 and BiP. 5, 6 Their activation subsequently results in increased Figure 1 . Transmembrane regulators of the unfolded protein response (UPR). During activation of the UPR, ATF6 translocates to the Golgi and is cleaved, before it activates a series of downstream targets, such as endoplasmic reticulum-associated degradation (ERAD), CHOP, BiP and XBP1. PERK autophosphorylates, and in turn phosphorylates eIF2a and Nrf2, which targets downstream UPR targets. IRE1a is also activated by autophosphorylation, which phosphorylates JNK, while also activating XBP1. IRE1a removes the 26 base pair intron from unspliced XBP1 mRNA resulting in expression of the active isoform from the spliced mRNA.
protein folding of unfolded and misfolded proteins, while also promoting the degradation of unfolded/misfolded proteins by endoplasmic reticulum-associated degradation (ERAD). Unspliced XBP1 mRNA has a shorter reading frame and is translated to a protein that lacks the transactivation domain in the C-terminus, but retains the DNA binding and dimerisation domains. Thus unspliced XBP1 protein acts as a dominant negative, thereby suppressing expression of target genes. 4 This short version of XBP1 is unstable and degraded rapidly by the proteasome pathway. 4 The second transmembrane component of the UPR, PERK, is a member of the eIF2a family of kinases. PERK phosphorylates (1) the a-subunit of eukaryotic translation initiation factor 2 and (2) the bZIP transcription factor, Nrf2.
7 Phosphorylated eIF2a interferes with the formation of the 43S translation initiation complex and thus attenuates protein translation. 4 Specifically, phosphorylation of eIF2a induces the formation of stress granules (SG). SG are cytoplasmic foci where, during a stress response, some mRNA can be stored for later translation. 8, 9 As such the level of translation is suppressed, relieving the burden on the ER. Nrf2 in unstressed cells associates with cytoskeletal anchor, Keap1. Phosphorylation of Nrf2 leads to its dissociation from Keap1 and translocation to the nucleus where it acts on antioxidant response elements (AREs). Via ARE binding, activated Nrf2 induces the transcription of ATF4, c-Jun, Jun B and Jun D. AREs also control expression of genes that are involved in the phase II metabolism of xenobiotics, such as the A1 and A2 subunits of glutathione-S-transferase, NAD(P)H quinone oxidoreductase, glutamylcysteine synthetase, heme oxygenase 1 and UDP-glucuronosyl transferase. 10 Thus, there is a potential link between the UPR and cytotoxic drug detoxification.
The third ER transmembrane component is ATF6a (90 kDa), which, like XBP1, is a basic leucine zipper transcription factor.
11 ATF6a is expressed constitutively in an inactive form. ER stress leads to dissociation of ATF6a from BiP resulting in the translocation of ATF6a to the Golgi apparatus. The subsequent proteolytic cleavage of its cytosolic bZIP domain allows for the release of ATF6a from the phospholipid bilayer. Once released, ATF6a enters the nucleus and activates ER stress response elements and ATF/cAMP response elements. BiP and CHOP are examples of genes that are activated by ATF6. 10 The absence of ATF6a does not affect the activation of UPR genes and, therefore, ATF6 is not indispensable for the UPR to function. This might be due to other compensatory pathways, like XBP1 activation. Notably, ATF6 can induce XBP1, but ATF6 alone is not adequate for plasma cell differentiation and immunoglobulin production, which also requires the IRE-1 induced splicing of XBP1 mRNA.
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PLASMA CELLS
Plasma cells are long-lived terminally differentiated B cells in the bone marrow that are responsible for the production of antigen-specific immunoglobulin. The survival of plasma cells is dependent on the transcriptional activation of interferon regulatory factor 4 (IRF4), and activator Blimp1 is essential for immunoglobulin secretion in response to infection. 12 In order to support this secretory function, Blimp1 induces the UPR, expansion of the ER and lysosomal trafficking.
12 Blimp1 also activates multiple regulators of the UPR. More specifically, it activates ATF6 which induces XBP1 and activates IRE1 leading to splicing of cytoplasmic XBP1 and production of the active XBP1 transcription factor. XBP1 induces the transcription of stress response genes and chaperones which are important for the expression of the immunoglobulin heavy chain complex, activation of protein folding and targeting of proteins to the ER. Blimp1 regulates the cell size of plasma cells by upregulation of mammalian target of rapamycin (mTOR) complex 1 activity. The transcription profile of plasma cells leads to the activation of the UPR, which is essential in maintaining the secretory function of plasma cells.
MULTIPLE MYELOMA (MM), GENETIC CHANGES AND PARAPROTEIN EXPRESSION
Multiple myeloma is a plasma cell malignancy and is characterised by the proliferation of plasma cell clone/s and infiltration of the bone marrow by malignant plasma cells. 13 16 An example of a prevalent chromosome translocation of the IgH locus is the translocation of the cyclin D1 gene at the 11q13 locus. 17 In 15-20% of MM cases, the cyclin D1 protein is overexpressed as a result of translocation next to the powerful IgH 3 0 enhancer. 17, 18 Overexpression of cyclin D1 is restricted to MM, and mantle cell lymphoma as cyclin D1 is not expressed in normal B cells. 18 The binding of cyclin D1 to cyclin-dependent kinase inhibitor 1B (p27 Kip1 ) blocks the inhibitory role of p27 Kip1 , thereby enabling cell cycle progression past the G1 phase. 19 As a result, this promotes tumorigenesis in myeloma cells, which has also been linked to drug resistance in myeloma. 18 Other major genetic mutations contributing to the development of MM are NRAS and KRAS activating mutations, present in~50% of patients and C-MYC overexpression, but this is predominantly increased in the later stages of the disease. 20 
MODULATION OF ER STRESS IN MM
With the exception of a small subset of patients (1-5% of all MM patients), 21 most patients diagnosed with MM characteristically produce excessive levels of immunoglobulin fragments (paraprotein). The continual overproduction of paraprotein subjects MM cells to continual ER stress 2 making myeloma cells highly dependent upon the UPR for survival. But continual ER stress also drives utilisation of other stress pathways that enable cells to adapt to this extra burden. The dependence of MM cells on the UPR has made therapies that indirectly target the UPR effective in treating disease and improving the life expectancy of patients. Here, we will review a number of mechanisms utilised by MM to modulate ER stress, firstly in pathogenesis and then in response to treatment.
Multiple myeloma is dependent on the activation of the UPR. Genes involved in protein homoeostasis, RNA processing, protein translation and the UPR were identified as frequently mutated in MM in a whole genome sequencing study. 22 Gene expression profiling of MM patients reveals common upregulation of genes involved in intracellular protein transport. 23 Transgenic mice with sustained spliced XBP-1 expression develop monoclonal gammopathy and MM. 24 This shows that activation of UPR is a hallmark of MM. As described above, the UPR is regulated through three ER transmembrane proteins PERK, ATF6 and IRE1a. ER stress activates all three arms of the UPR in myeloma cells, 11, 25 and there is increased expression of XBP1 and ATF6 in MM cells from patients. 26 Increased UPR mediated signalling results in induction of additional downstream stress pathways and a cascade of events resulting in decreased transcriptional and translational rates, but upregulation of transcription of molecular chaperones responsible for protein folding and degradation. 2 Moreover, the UPR can coordinate and activate autophagy and the ubiquitin-proteasome pathway and HSP as strategies to reduce ER stress. 27 Consequently, UPR activation is associated with increased survival of myeloma cells.
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ATF6 and PERK in MM development/initiation are considerably under studied relative to XBP1. While studied in the progression of myeloma in the later stages of the disease, the roles of ATF6 and PERK in the initiation/early stages of the disease are yet to be explored. XBP1 on the other hand has been well characterised in MM development/initiation using mouse modelling. Overexpression of the spliced isoform of XBP1 in transgenic mice has been found to drive monoclonal gammopathy and MM development, resulting in the expansion of the B-cell compartment, spikes in immunoglobulin secretion of IgG and IgM types, bone lytic lesions, increases of up to 5-30% in the number of plasma cells in the bone marrow and 1119 differentially expressed genes. 24 Differential expression of Cyclin D1, Cyclin D2, MAF and MAFB, all of which are altered in MM patients, were also identified in the transgenic mice. 24 Furthermore, MM development could be a result of chronic B-cell hyperproliferation and IL-6 activation driven by overexpression of XBP1. 24 The ubiquitin-proteasome system (UPS) is an additional degradation pathway that is also utilised to reduce ER stress in MM (Figure 2 ). This system of intracellular proteolysis is highly substrate specific, tightly controlled and distinct from the nonspecific lysosomal degradation process. UPS is utilised and activated by the UPR through a process known as ERAD. 29 There are two main steps in the UPS, the first being the transport of misfolded or damaged proteins into the cytoplasm and their covalent tagging with ubiquitin moieties. The second is the degradation of the tagged proteins by the 26S proteasome and recycling of ubiquitin. The 26S proteasome is a multicomponent protease, consisting of a 20S cylindrical core and two 19S subunits. Misfolded or damaged proteins, or proteins otherwise destined for degradation, are recognised by the ubiquitin ligases that mediate the sequential binding of ubiquitin moieties to the proteins to form a covalently bound polyubiquitin chain. 30 The polyubiquitin chain is recognised by the 26S proteasome, and the 19S subunits bind to the Figure 2 . Molecular mechanisms responsible for modulating endoplasmic reticulum (ER) stress. Accumulating misfolded proteins trigger ER stress, which in turn activates the UPR. In response to this, PERK, ATF6 and IRE1a activate CHOP, ATF4, endoplasmic reticulum-associated degradation and XBP1 to alleviate ER stress. The BiP protein traffics misfolded proteins into the cytoplasm where they are ubiquitinated. Once ubiquitinated, misfolded proteins can be degraded by either autophagy or the proteasome. The proteasome is inhibited (red) in multiple myeloma as a way of treating the disease. Other mechanisms are also relied upon to assist in alleviating ER stress such as autophagy and proteasomal degradation of proteins. These stress pathways are also potential targets for treating MM (red).
polyubiquitin chains, unfold the protein and insert it into the channel of the 20S catalytic core for proteolysis. 30 Ubiquitin is subsequently recycled back into the UPS so that it can be reused. 31 Myeloma cells are heavily dependent on this degradation system to reduce the load of paraprotein and demand on the ER and protein folding. This has made inhibition of the proteasome one of the most effective current treatments for MM.
Autophagy is an evolutionarily conserved cellular mechanism important for maintaining cellular homoeostasis. It is the process of degradation of cellular organelles and proteins, to maintain cellular biosynthetic capacity during nutrient deprivation or metabolic stress. 32 Autophagy is important for adapting to nutrient starvation, intracellular protein and organelle clearance, development, microbial destruction, apoptosis, tumor suppression and antigen presentation. 33, 34 Cytoplasmic components such as proteins and cytoplasmic organelles like mitochondria are degraded by autophagy by first being engulfed by an isolation membrane. 35 The isolation membrane, surrounds the cytoplasmic debris to form an autophagosome, a double membrane-enclosed structure. 34 Once formed, the autophagosome fuses with endosomes and eventually fusion of lysosome outer membranes and autophagosomes occurs. 35 Lysosomal hydrolase enzymes degrade the engulfed contents along with the inner membrane of the autophagosome. 35 The recycled macromolecules are then released into the cytosol. A major function of this pathway is to eliminate damaged cellular organelles or unused/damaged proteins. 33, 35 Studies have found that the UPR can trigger autophagic activation in response to the accumulation of unfolded proteins. 36 Autophagy activation in response to ER stress can be initiated by PERK-dependent eIF2a phosphorylation, which leads to the upregulation of autophagy-related protein 12 (Atg12). 37 Basal autophagy levels are increased in myeloma cells in response to ER stressors, and autophagy activation is important for maintaining myeloma cell viability. 36 Autophagy is upregulated in response to proteasome inhibition using therapeutic agent bortezomib (Bz). 27, 38 Combinational therapy using Bz and bafilomycin A1 enhances the cytotoxic effect of these drugs on MM cells as the combination enhances ER stress levels by preventing paraprotein degradation, but also by inhibiting the compensatory mechanism of autophagy. 39 Numerous studies have shown that autophagy inhibition significantly enhances cytotoxicity of proteasome inhibition. [39] [40] [41] However, contradicting studies show combined autophagy and proteasome inhibition can be antagonistic. 36, 39, 42 
Heat-shock proteins are a diverse family of proteins important in processes including protein folding, protein scaffolding and trafficking, and maintaining protein conformation during normal or stressed conditions. 43, 44 HSPs were first discovered in response to heat-induced stress; however, research has now shown that HSPs are also induced under a range of different stress conditions, including DNA damage, infection, exposure to toxins, starvation and hypoxia. 43 A number of HSPs play important roles in the UPR and MM (Figure 2 ). Heat-shock protein 90 kDa (HSP90) is an important stabiliser protein for the kinase activity of PERK and IRE1a proteins during the UPR. 45 As described above, BiP, another HSP, though of a different class of HSPs (HSP70s), is important for initiating the UPR by dissociating from PERK, ATF6 and IRE1a. The binding of the BiP protein to PERK, ATF6 and IRE1a suppresses the conformational change of these three proteins, which is required for their activation. 6 There are increased expression levels of BiP and HSP90 in MM, where they control the UPR in response to accumulating paraprotein. 45, 46 BiP is also an important component of the protein translocation complex responsible for trafficking proteins out of the ER into the cytoplasm for proteasome degradation. 47 HSP72 and HSP73 promote tumor cell survival in MM by contributing to the chaperone function of HSP90. 48 Inhibition of these proteins induces apoptosis, further highlighting the important role of HSP70 proteins in the biology of MM and ER stress management. 44, 48 Their relative upregulation in MM and known role in modulating ER stress has led to the development of a number of therapies targeting these proteins (see below for more detail). Furthermore, the glucose-regulated protein 94 (GRP94) (also known as HSP90B1) protein plays a significant role in ER protein quality control, via protein folding capabilities, and also serves an equally important role in orchestrating ERAD. 49 Within MM, GRP94 is associated with advanced stages of the disease with proposed diagnostic and prognostic potential. 50 As such the UPR response regulates multiple pathways and plays roles in both MM survival and potentially in MM death in response to prolonged activation of the UPR. Apoptotic activation by PERK is mediated by downstream ATF4/ATF3 that activates C/EBP homologous protein (CHOP), leading to growth arrest and DNA damageinducible protein (GADD34) activation. 51, 52 Proapoptotic signalling can also be initiated during ER stress by IRE1a by directly interacting with the pro-apoptotic regulators BAX and BAK of the BCL-2 family. 9, 53 It is the UPRs role to monitor misfolded/unfolded protein levels, and orchestrate their folding by chaperone folding proteins, or alternatively their removal via degradation pathways, such as the UPS. In instances where ER stress levels surpass the UPRs folding ability, the pathway will trigger apoptosis.
CURRENT TREATMENTS FOR MM PATIENTS
There are a variety of drugs used for the treatment of MM, which fall into six major categories (Table 1 and Figure 2 ). These classes are DNA-damaging agents, Glucocorticoids, Immunomodulatory Drugs (IMiDs), Proteasome Inhibitors (PIs), Histone deacetylase inhibitors (HDACi) and Monoclonal Antibodies. However, of the six major classes, only PIs target ER stress mechanisms. DNAdamaging agents frequently used include melphalan and Cyclophosphamide. Glucocorticosteroid is a backbone of most treatment strategies. IMiDs have immunostimulatory effects and suppress MM survival factors MYC and IRF4. Monoclonal antibody, Daratumumab directly targets CD38, a surface molecule of myeloma cells. The inhibition of the proteasome exploits the dependence of myeloma cells on the UPR by preventing the degradation of pro-apoptotic proteins and increasing protein load within the cell. The disruption of intracellular homoeostasis leads to proteotoxicity as a result of accumulating paraprotein. 54 Bortezomib (Bz) was the first proteasome inhibitor to be approved for clinical use and has improved the survival of MM patients since its introduction. 54 Bz selectively and reversibly inhibits the chymotryptic protease activity of the 26S proteasome through the binding of the boronic acid peptide to the active threonine site within the 26S proteasome. 55 The effectiveness of Bz is further enhanced by its combination with other therapies used to treat MM within the clinic. However, like many other chemotherapy drugs, resistance develops in the majority of patients. This has led to the development of new PIs, such as carfilzomib and ixazomib to improve the efficacy of PIs and overcome resistance (Table 1) . Carfilzomib is a novel proteasome inhibitor that has a more potent effect than Bz, largely attributed to its irreversible inhibitory action on the chymotrypsin-like activity of the proteasome. 56 Promisingly, some Bz-resistant MM patients and Bz-resistant cell lines respond to Carfilzomib treatment. 57 HDAC inhibitors have multiple cellular effects. Panobinostat, a pan-histone deacetylase inhibitor, is approved by the FDA for the treatment of relapsed and refractory MM. One of its mechanisms of action is the inhibition of aggresome formation which leads to increased ER stress and synergism with bortezomib. 58 The following drugs are potential modulators of the UPR and are undergoing preclinical and clinical testing. HSP inhibitors may be effective against myeloma cells. 25 The role HSPs play in the UPR, ERAD and autophagic pathways, has prompted the development of new chemotherapies targeting these proteins. Inhibition of HSP90 has cytotoxic effects within a number of cancers. 59 Inhibition of HSP90 in MM induces cell death as a result of elevated ER stress and triggering UPR activated cell death. 25 Further, inhibition of HSP70 in combination with HSP90 inhibitors increases the cytotoxicity compared to HSP90 inhibitors alone in MM cell lines. 60 The hypothesised reason behind this is that inhibiting HSP70 counters the compensatory upregulation of HSP70 as a result of HSP90 inhibition. The combination of Bz with the HSP90 inhibitor, KW-2478, has also exhibited synergistic antitumor activity in vitro and in vivo. 61 The tumor burden was also seen to decrease within the bone marrow of an orthotopic myeloma model as a result of the combination treatment. 61 Phase I clinical trials of KW-2478 in patients with relapsed/refractory B-cell malignancies have shown promising results. 59 Research is starting to explore autophagy inhibition as an alternative method of treating MM. Chloroquine is an autophagy inhibitor. Hydrochloroquine could increase the effectiveness of Carfilzomib in MM cell lines and patient cells but had less effect when combined with Bz. 62 However, chloroquine is being tested in combination with Bz in early phase clinical trials with promising safety data, 63 but the efficacy in MM patients is not known yet.
MECHANISMS MODULATING ER STRESS IN ACQUIRED BORTEZOMIB RESISTANCE
As described above, resistance to bortezomib (Bz) eventually develops in the majority of MM patients. The underlying causes of resistance are yet to be determined; however, a number of alterations within the cell are likely to be contributing ( Figure  2 ).
Proteasome mutations
Acquired Bz resistance had been linked to a point mutation within the gene encoding the proteasome b5 subunit (PSMB5), leading to a conformational change within the bortezomibbinding pocket. 64 Cells with the mutated PSMB5 subunit displayed greater resistance to apoptosis induced by Bz, while cells with the wild-type PSMB5 subunit were more susceptible to Bzinduced apoptosis. 64 Resistance could be further attributed to upregulation of the mutant b5 subunit in various Bz-resistant cells. 65 However, in two independent studies, this mutation was not identified in patients with Bz refractory or relapsed myeloma. 66, 67 Instead, resistant myeloma cells had higher numbers of active proteasomes than sensitive cells. 42 Reduced dependence on the UPR Bz resistance can be associated with decreased UPR activity. Within Bz-resistant clones, the expression of ATF6 and XBP1 (spliced and total XBP1 mRNA levels) are decreased substantially. [68] [69] [70] ATF6 and XBP1 expressions are considered a predictor of Bz sensitivity, as the expression of both genes is seen to mirror sensitivity to Bz. 68, 70 Further, Bz-resistant cells have smaller ER lumen widths and overall ER size. 70 Expansion of the ER plays an integral part in the UPR, with ER expansion directly controlled by XBP1. The UPR is also dependant on increased ER biogenesis and phosphatidylcholine synthesis, which is enhanced by ATF6. 71 This response is critical during the UPR to alleviate ER stress caused by accumulation of unfolded and misfolded proteins. Therefore, the reduced ER size in Bz-resistant cells is likely due to reduced XBP1 and ATF6 expression.
The decrease in XBP1 expression in Bz-resistant patients has been associated with a single nucleotide polymorphism (SNP) occurring in the splice site of the XBP1 gene, preventing XBP1 splicing and activation. 72 Under ER-induced stress, cells transfected with wild-type XBP1 are able to undergo splicing and activate the UPR pathway; however, cells with mutated XBP1 were incapable of splicing the mRNA, 72 thus preventing activation of the UPR via the IRE1a-XBP1 pathway. This in turn, reduced/compromised the UPR in myeloma cells, reducing the sensitivity of myeloma cells to Bz, as sensitivity is related to the dependence of the myeloma cells on the UPR. However, the occurrence of this mutation within patients is also low. In one study, only two of 38 MM patients analysed possessed a mutation within the splice site of XBP1. 22 One patient diagnosed with progressive disease, possessed an XBP1-P326R mutation and this patient failed cyclophosphamide, Bz and dexamethasone treatment. 22, 69 The second patient had a XBP1-L167I mutation, though died prior to undergoing treatment. 69 Both mutations were reported to have lethal consequences, though there is limited evidence to suggest that they caused Bz resistance.
Autophagy
Autophagy has begun to emerge as an additional factor that may confer resistance to proteasome inhibition. Within resistant cells, Sequestosome-1 (SQSTM1)-dependent autophagy provides a protection mechanism to proteasome inhibitorinduced protein aggregation and cell death. 73 Inhibition of SQSTM1 within resistant cells sensitised cells to proteasome inhibition. 73 Additional studies have supported this hypothesis by identifying increased expression of high mobility group box 1 (HMGB1), an important regulator of autophagy, within Bz-resistant cells. 74 Within the same study, Bz administered in combination with the autophagy inhibitor lycorine not only resensitised myeloma cells to Bz, but enhanced its effect in in vitro and in vivo models. 74 It is doubtful that HMGB1 alone is responsible for driving Bz resistance, as regulation of autophagy is a highly involved and complex mechanisms may require multiple changes. So, while these findings do provide initial evidence that autophagy is a potential mechanism for Bz resistance, further investigation is required.
Deubiquitinating enzymes (DUBs) and ubiquitin ligase inhibitors
Deubiquitinating enzymes are a class of enzymes responsible for the removal ubiquitin labelling from cellular components marked for degradation. Their role and importance have been illustrated in MM, particularly Bz-resistant myeloma. The DUBs, USP14 and UCHL5, promote MM survival and possibly contribute to Bz resistance by reducing ubiquitinated protein levels in myeloma cells. 75 Plasma cells isolated from MM patients exhibited high expression levels of both USP14 and UCHL5, while there is no detectable expression of these proteins in normal plasma cells. 75 Inhibiting the deubiquitinating activity with a novel 19S regulatory particle inhibitor, b-AP15, in combination with knockdown of USP14 and UCHL5 resulted in a reduction in cell viability and inhibition of proliferation. 76 Bz-resistant cells were also shown to become more sensitive to Bz. Other studies have also found that b-AP15 inhibition of USP14 and UCHL5 triggers apoptosis in MM cell lines in a time-dependent and dosedependent manner. 77 Similar cytotoxic effects, as those seen with b-AP15 treatment, occur within myeloma cells when treated with an alternative DUB inhibitor, copper pyrithione. 77 Targeting E1 ubiquitin-activating enzyme and E3 ubiquitin ligases has synergistic activity with bortezomib on cell lines. 78, 79 An inhibitor of USP7, P5091, can interfere with ubiquitin binding and overcome bortezomib resistance in vitro and in vivo.
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NIMA-related kinase 2 (NEK2) overexpression is associated with resistance to multiple drugs and poor prognosis in MM, and NEK2 inhibitor has been shown to decrease proteasome activity. 81 Further investigation into its role in Bortezomib resistance is required.
In summary, there are a number of stress mechanisms that play an important role in mediating Bz resistance. Abnormalities in the functioning of the UPR in Bz-resistant MM result in a number of stress mechanisms that compensate for the UPR in alleviating ER stress levels. Bz resistance is complex and involves a number of cellular mechanisms. It is difficult to determine the precise cause of Bz resistance; however, mechanisms described in this section contribute to managing ER stress levels in Bzresistant MM cells. It is highly likely that there are additional mechanisms in MM which allow Bzresistant cells to adapt to ER stress. For example, nonsense-mediated decay (NMD) is the mechanism by which cells identify and degrade mRNA transcripts with premature termination codons. NMD is known to regulate the UPR by both reducing the load of truncated and potentially misfolded proteins as well as directly regulating the RNA levels of key UPR proteins including ATF4. 82, 83 How nonsense-mediated decay is regulated during MM development or during acquired drug resistance is currently unknown and needs further investigation. Understanding this and other mechanisms for controlling ER stress will allow for development of better treatment options for relapsed/refractory MM patients.
FUTURE TREATMENTS FOR PROTEASOME INHIBITOR-RESISTANT MM PATIENTS
Future treatment of proteasome inhibitorresistant MM patients may include drugs described above -autophagy inhibitors, HSP inhibitors, DUB inhibitors and ubiquitin ligase inhibitors. However, these are likely to be used in combination with other classes of drugs to maximise response and minimise the emergence of resistance. Novel classes of drugs include Venetoclax (BCL-2 inhibitor), chimeric antigen receptor (CAR)-T cells, anti-BMCA, MCL inhibitor and Nuclear Export inhibitor. 84 These treatments may not modulate ER stress directly but have promising efficacy in PI-resistant MM patients. Genomics of individual patients may inform actionable targets that contribute to resistance and progressive disease.
Currently, there are no drugs that specifically target resistance to proteasome inhibitors or resensitise MM to proteasome inhibitors. The available approved drugs that can be used to treat proteasome inhibitor-resistant MM patients are limited. They include immunomodulatory drugs and monoclonal antibodies, which have a completely different mechanism of action to proteasome inhibitors. Panobinostat has synergistic effect with Bortezomib in MM in vitro and in vivo. This is due to the dual inhibition of the aggresomal and proteasomal protein degradation pathways. Panobinostat is approved by the FDA for the treatment of patients with MM after two or more prior lines of therapies (Table 1) . Panobinostat in combination with Bortezomib and dexamethasone is associated with increased response rate and prolonged progression-free survival compared with Bortezomib and dexamethasone. 58 Potential targets that can resensitise cells to proteasome inhibitors include inhibition of autophagy, DUBs, HSP, the NMD pathways and induction of ER stress (using Nelfinavir).
ER STRESS IN OTHER HAEMATOLOGICAL DISORDERS
While the bulk of research into ER stress and its regulation in disease development and drug resistance has focussed on MM, these processes are also important in other haematological disorders. Proteasomal inhibition is also effective in the treatment of mantle cell lymphoma (MCL) and Waldenstrom macroglobulinemia (WM). This could be due to their dependence on the ER and UPR for immunoglobulin secretory function and B-cell maturation. Similarly to the situation in MM, in MCL, the chromosomal translocation of Cyclin D1 with the Ig heavy chain gene results in the continual overexpression of Cyclin D1. 85 The increased expression of Cyclin D1 not only places stress on the ER, but also promotes unregulated cellular proliferation. 86 This in turn places extra load on the cells ER, contributing to further ER stress. WM is a low-grade lymphoma also associated with excessive IgM secretion, which is also heavily dependent upon the ER and UPR. 87 
SUMMARY
In conclusion, the management of ER stress in B-cell malignancies, in particular MM, is not solely dependent on a single stress pathway to ameliorate ER stress. Instead, there is a multifaceted network of stress mechanisms involved that are predominantly orchestrated by the UPR. Due to the dependence of many B-cell malignancies on the UPR, inhibitors such as Bz are effective in treating the disease. However, the emergence of Bz resistance has made the treatment of MM increasingly difficult. Abnormalities associated with the functioning of the UPR and regulated stress pathways are potential causes of Bz resistance in MM. Upregulation of alternative stress mechanisms, such as DUBs and autophagy, compensates for the role of the UPR in managing ER stress and preventing cell death. Novel therapies are starting to target these newly identified mechanisms, though it is currently unclear how effective they will be in the treatment of Bz resistance and whether combinations of drugs targeting multiple stress mechanisms will be required. As such, research is required to better understand the involvement of these stress mechanisms in MM and related malignancies, and also how each mechanism is linked and regulated in Bz resistance. Furthermore, other pathways which regulate the UPR, such as nonsense-mediated decay, may be promising drug targets, but a better understanding of their role in MM and Bz resistance is required. By understanding the regulatory network for ER stress mechanisms, novel therapeutic approaches can be developed for relapsed/refractory MM patients.
